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Abstract—The gap between cell and module efficiency is a
major challenge for all photovoltaic (PV) technologies. For
monolithic thin film PV modules, a significant fraction of this
gap has been attributed to parasitic shunts, and other defects,
distributed across the module. In this paper, we show that it
is possible to contain or isolate these shunt defects, using the
state of the art laser scribing processes, after the fabrication
of the series connected module is finished. We discuss three
possible alternatives, and quantify the performance gains for
each technique. We demonstrate that using these techniques, it
is possible to recover up to 50% of the power lost to parasitic
shunts, which results in 1-2% (absolute) increase in module
efficiencies for typical thin film PV technologies.
Index Terms—shunts, scribing, module efficiency, yield, thin
film PV.
I. INTRODUCTION
THE gap between cell and module efficiency is a universalfeature of all PV technologies [1]. This so called “solar
gap” constitutes about 3-5% absolute reduction in module
efficiency, compared to the corresponding record cell effi-
ciency, for all technologies [2]. Many thin film PV (TFPV)
technologies have relatively low cell efficiencies; therefore, a
significant drop in efficiency at the module level, is often a
critical factor limiting their commercial success []. Moreover,
due to the monolithically integrated module manufacturing
processes used for TFPV technologies, the problem of cell to
module efficiency gap requires a different analysis and design
perspective compared to conventional crystalline silicon PV
[4].
Several factors are responsible for the drop in power conver-
sion efficiency from the cell to the module level. A universal
loss mechanism arises from the finite sheet resistance of the
transparent conducting oxide (TCO) and/or metal layers in
TFPV, and the resistances of the emitter and the metal grid
lines in crystalline cells. In order to minimize these losses
in crystalline PV, a variety of cell and metal grid designs
have been proposed [5], [6]. In monolithic TFPV modules,
the resistive losses are minimized by carefully choosing the
number of series connected cells, and width of each cell, for
each technology type [7].
Other factors arise from the challenges of depositing thin
films over large area (∼ m2) substrates in TFPV module
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manufacturing. These include film thickness variation over
large area substrates [8], variation of contact sheet resistance
[9], composition variations in chalcogenide cells [10]. These
manufacturing challenges not only reduce the module effi-
ciency, but also lead to performance variation at the module
level, causing reduced process yield. These may be considered
‘macroscopic’ variations, because they cause performance
difference over length scales of several cm, across the mod-
ule surface. The development of strategies to control these
macroscopic variations is the focus of significant process
development and research in the TFPV community.
Besides these macroscopic sources of performance varia-
tion, there are additional efficiency losses caused by parasitic
shunts [11] and weak diodes [12]. These ‘microscopic’ defects
are formed randomly across the solar cell surface, and lead to
efficiency loss, when cells are connected in series to form
modules [11], [12]. Moreover, these shunts exhibit a log-
normal distribution from cell to cell, and cause significant
efficiency variation at the module level, which limits the
process yield [13]. In crystalline solar cells, it is possible to
avoid the random cell efficiency fluctuations caused parasitic
shunts, by sorting individual cells into efficiency bins before
assembling the modules [14]. The monolithic manufacturing
process in TFPV, however, means that it is not possible to
selectively remove the shunted low efficiency cells in the
module. Moreover, the wide cell geometry in TFPV module
also leads to significant non-local effects of the shunts on
neighboring regions. Thus, a technique of isolating these
shunts, after the fabrication of a monolithically integrated
module is needed in order to close the cell to module efficiency
gap, and to improve process yield.
In this paper, we first describe the 2D SPICE circuit
simulation setup in section II, which is used to analyze module
performance in presence of parasitic shunts. Then, in section
III, we illustrate the effect of random shunts on module
performance and variability. Next, in section IV, we discuss
the scribing isolation technique for reducing the shunt losses at
module level, and use Monte-Carlo simulations to assess their
effectiveness. Finally, we conclude, by discussing the practical
aspects of implementation of this method.
II. SIMULATION SETUP
In order to evaluate the module performance in presence
of parasitic shunts distributed across the surface, we use a
2D circuit representation of a TFPV module [15] , see Fig.
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Fig. 1. (a) Schematic of a typical TFPV module showing module dimensions
with Nseries series connected cells (rectangles), subdivided into Nparallel
sub-cells (squares). (b) These sub-cells are connected using contact sheet
resistances to create a 2D mesh representation of the module. (c) Each sub-
cell is represented by a physical equivalent circuit for TFPV cells, including
the voltage dependent photocurrent, and non-Ohmic shunt current values.
1(b). This distributed circuit simulation approach is necessary
because, the elongated rectangle shaped cells in monolithic
TFPV modules leads to important (spatial) interplay of para-
sitic shunts [16].
Figure 1(a) shows the schematic of a typical TFPV module,
with Nseries series connected cells. In order to create the
circuit representation, we sub-divide each rectangular cell
into Nparallel sub-cells. These sub-cells are represented by
a physics based equivalent circuit for TFPV cells (Fig. 1(c)),
and are connected in series and parallel using the contact sheet
resistance values of the TCO and metal layers (RS). This
equivalent circuit accounts for voltage dependent collection
(Jphoto) [17], generation dependent recombination (Jrec,ph)
[18], and the non-ohmic shunt current (JSH ) [19] components.
Each sub-cell, otherwise identical, is assigned different shunt
current value, drawn from the log-normal distribution [13].
The details of the simulation setup and validation are described
in detail in [15], [20]. See section S1 in supplementary
materials for details regarding equivalent circuit model, and
model parameters.
In the following simulations, we use single junction amor-
phous silicon (a-Si:H) technology as an illustrative example,
for ensuring quantitative comparison of the scribing tech-
niques. We use the record cell performance for best sub-
cells in the module [21], and the module structure is obtained
from manufacturer data sheet [22]. This simulation setup
assumes that the macroscopic sources of variability have been
minimized through good process control. Therefore, we can
analyze the effect of shunt variability, in particular, using
realistic shunt statistics parameters from the literature [13].
Fig. 2. (a) Simulation of an 11×11cm2 sub-module, with 11 series connected
cells and 3 shunted sub-cells (colored squares), while all other sub-cells are
assumed identical. (b) IV (solid) and PV (dashed) curves of the sub-module,
without (blue), and with (green) 3 shunts. The symbols denote the MPP values
in each case. (c) Distribution of sub-cell voltages Vsub (colorbar in V ) at the
sub-module MPP (green symbols in (b)), showing that larger shunts (number 3
and 2), lower the operating voltage of their neighboring sub-cells in parallel
(highlighted) to ∼ 0.3V and ∼ 0.7V , respectively. (d) The corresponding
power output Psub (colorbar in mW ), shows that the sub-cell with largest
shunt (number 3), actually consumes (Psub ≈ −5mW < 0) the power
output of its neighboring regions (circled).
III. SHUNT STATISTICS AND MODULE EFFICIENCY
In this section, we discuss the effect of parasitic shunts on
the module efficiency. We first analyze the effect of shunted
sub-cells on their neighboring regions, by analyzing the distri-
bution of sub-cell voltages and power outputs, obtained from
2D circuit simulations. We then simulate multiple industrial
a-Si:H modules (Lmodule = 104cm, Wmodule = 120cm,
and Nseries = 104) [22], in presence of the log-normal
shunt distribution, in a Monte-Carlo simulation approach, to
quantify the impact of shunt statistics on module efficiency
and variability.
A. Non-local Shunt Effect: Illustrative Example
In order to analyze the effect of shunts in interconnected
modules, we simulate a 11×11cm2 sub-module with 11 series
connected cells. We first simulate the sub-module with all
identical sub-cells, with no parasitic shunts. The resulting IV
and PV curves are shown in Fig. 2(b). Note that in this case,
the power output of the sub-module is the algebraic sum of
the 121 sub-cell power output (including the sheet resistance
losses), so that P idealsubmod =
∑
121 P
ideal
subcell = 1.0761W .
To demonstrate the implications of shunts on ideal module
performance, we now assign 3 different ISH0 values to 3
specific sub-cells, as highlighted in the color plot in Fig. 2(a).
The resulting IV and PV curves of the sub-module with these
shunts are plotted in Fig. 2(b). As expected, the power output
3of the sub-module drops in presence of shunts. The magnitude
of efficiency loss (∆η ≈ −7%), however, cannot be explained
by simple sum of individual sub-cell outputs. Specifically,
we note that even if we assume that the 3 shunted sub-cells
produce no power at all, the sub-module output is less than
the sum of the power output of the 118 ‘good’ sub-cells; i.e.,
P shuntedmodule (= 1.0041W ) <
∑
118 P
ideal
sub (= 1.0494W ). This
means that the shunted sub-cells are modifying the operation
of other good sub-cells due to their interconnection, and we
must analyze this interaction carefully in order to understand
the impact of shunt defects at the module level.
In order to evaluate this effect of shunts on other sub-
cells, we analyze the distribution of sub-cell operating points
at the sub-module maximum power point (MPP), marked in
Fig. 2(b). Fig. 2(c) shows the operating points of all sub-cells
plotted as color plot (color bar is in volts). Note that depending
on their magnitude the operating voltage Vsub of the shunted
sub-cells, as well as their neighbors is lowered. This is means
that sub-cells in parallel to a badly shunted sub-cell, operate
away from their MPP voltage, reducing their power output.
The number of neighboring sub-cells which suffer from lower
operating voltage due to a shunted sub-cell depends on the
magnitude of the shunt, as well as the net sheet resistance of
the metal/TCO contact layers (compare the highlighted cells
in Fig. 2(c)). Note that this effect of shunt defects lowering
the operating voltage of the entire cell has been observed
experimentally using electroluminescence imaging [23], [24].
Another effect of the interconnection of the shunted and
non-shunted sub-cells is that the shunted sub-cell may dissi-
pate power instead of producing it, as seen in the middle cell in
Fig. 2(d). In this scenario, the power output of the sub-cells, in
parallel to the shunted sub-cell, is dissipated in the defective
region instead of flowing to the terminals. Thus, we have a
disproportionately large impact on module efficiency due to
the effect of shunted sub-cells on their neighbors. First, the
sub-cells adjacent to a shunted sub-cell can get biased away
from their MPP and produce less power. Moreover, even this
reduced power output may be dissipated in the shunted sub-
cell. This is because, a heavily shunted sub-cell can get biased
so that Isub×Vsub < 0, and therefore sinks the output current
of its neighbors. As a result, even a few shunts can result in
a significant reduction in the sub-module output power.
B. Module Efficiency Loss in Realistic Case
The illustrative example discussed in the previous section
explains how relatively few shunts can cause significant re-
duction in efficiency at a module level. In order to quantify
these effects in realistic situations, we need to include the
full statistics of shunt formation in thin film solar cells,
and simulate full size commercial TFPV modules. It has
been shown that shunt current distribution in TFPV cells is
described by a log-normal distribution [13]. Each sub-cell is
in the module is assigned different shunt current value, from
the log-normal distribution. The results of the Monte-Carlo
simulations are shown in Fig. 3, comparing the cell efficiency
(red line), with the maximum module efficiency without shunts
(black line), and the distribution of module efficiencies in
1𝑐𝑚2 
Sub-Cell 
1𝑚2 
Module 
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Fig. 3. CDF plot showing the results of Monte-Carlo circuit simulation
of module efficiency (blue), for the a-Si:H technology; in presence of log-
normally shunt distribution, across sub-cells. This distribution is compared to
the maximum possible module efficiency (black), without any shunts, and the
maximum sub-cell efficiency. The efficiency loss due to sheet resistance (red),
and parasitic shunt distribution are also highlighted.
presence of shunt variability (blue curve). This shows that if
the sheet resistance loss and losses due to parasitic distribution
of shunts is accounted for, it can reproduce the typical gap
between cell and module efficiency ( 3% absolute here). Note
that shunt variability accounts for more than half of this gap
( 2% absolute), and the rest ( 1% absolute) is caused by
sheet resistance loss. It is therefore apparent that reducing the
effect of parasitic shunts at the module level can significantly
improve the module efficiency.
IV. TECHNIQUES FOR SHUNT LOSS MITIGATION
A. Process Solutions for Shunt Removal
As parasitic shunt formation is a known issue in all PV tech-
nologies, there have been many attempts towards alleviating
shunt losses at cell and module level. Some of these methods
have focused on process solutions for improving deposition
uniformity [8], better substrate cleaning [25], or inclusion of
resistive interlayers [26]. Few post-process methods for shunt
removal have also been reported. These include, shunt busting
in a-Si:H cells [27], which uses application of high reverse
bias on finished cells to burn-up or ‘bust’ the shunt paths.
Another approach involves electrolytic treatment of finished
solar cell under reverse bias [28], or under illumination [29],
for passivating the shunt forming regions, or other non-
uniformities on solar cell surface.
All these techniques focus on modifying the properties of
shunt paths, and reducing the leakage through those regions.
Moreover, these techniques are indiscriminate, as the whole
module is subjected to a particular treatment for shunt pas-
sivation, which increases the chances of adversely affecting
some other cell property. Finally, these techniques rely on
specific, materials, or structures, used in each TFPV tech-
nology to achieve shunt passivation, thereby limiting their
application more generally. Instead, here we describe a general
post-process, scribing isolation technique for mitigating shunt
effects, which differs from these earlier approaches in two
specific aspects. First, it relies on not removing or passivating
the shunts themselves, but on reducing the effect of shunted
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Fig. 4. (a) Schematic showing the top view of series connected cells in
a module with direction of current flow as shown. (b) Side view of the
TFPV module along XX, showing the series connection created using adjacent
P1/P2/P3 laser scribes (arrows). (c) Cross section along YY showing two
isolating scribes created by overlapping the P1 and P3 lasers, to cut-off the
region between the scribe lines.
regions on their neighboring regions. Second, this approach
is applicable equally to all TFPV technologies, which use
scribing and monolithic integration for module fabrication.
B. Scribing Isolation Methods
From the simulations in section III.A, we had seen that
the significant reduction in module efficiency due to shunting
arises from the non-local effect of shunted sub-cells on their
neighbors. Therefore, a significant portion of shunt induced
losses can be avoided if this interaction between the neighbor-
ing sub-cells can be suppressed. Fortunately, the laser scribing
method used for creating the series connections in TFPV
modules (see cross section XX in Fig. 4(b)) can be used
to create insulating (open circuit) scribes, which will isolate
the shunted region (see cross section YY in Fig. 4(c)). Note
that while the series connections (Fig. 4(b)) are created using
successive P1-P2-P3 laser scribes adjacent to each other; the
isolating scribes are created by superposing P1 and P3 lasers
to disconnect all layers (Fig. 4(c)), see [30] for details.
1) Periodic Lengthwise Scribing: A straightforward method
for shunt isolation using scribing involves creating full length
isolating scribes in the direction of current flow in a TF
module. These vertical scribes divide the rectangular cells in
the module into columns of smaller width, each of which
are connected to the common bus bar (see the schematic
in Fig. 5(a)). This ensures that the effects of shunted sub-
cells are restricted to fewer neighboring sub-cells (one for
the case shown in Fig. 2(a)). This approach does not require
identification of the shunt locations beforehand. The scribe
lines, however, need to span the entire module length, which
ensures that regardless of the shunt location, the number of
neighboring sub-cells in parallel it can influence is limited.
+ 
– 
+ 
– 
+ 
– 
(a) (b) (c) 
Fig. 5. Sub-module schematics showing the three shunted sub-cells, compare
the different scribing isolation schemes (isolating scribes shown with dashed
lines). (a) Full length isolating scribes at periodic intervals, in the direction of
current flow (arrows). (b) Partial isolation using parallel scribes, after shunt
location detection, with different scribe lengths providing different degree of
isolation. (c) Full isolation of shunted sub-cells using box scribes encircling
the shunted region inside the sub-cell.
Note that this full length scribing isolation at the sub-module
level has been demonstrated earlier using mechanical scribing
for edge shunt isolation [31]. In this work, we propose to ex-
tend this approach, and create periodic scribes for constraining
shunt effect at all locations.
2) Selective Scribing Isolation: It is apparent from the
previous section that lengthwise scribing will require very
long scribe lines for a typical sized TFPV module. It would
therefore be beneficial to first identify the shunts, and scribe
only around the shunted sub-cells. There are a variety of
imaging methods, which can be used to identify the spatial
location of shunts. These can either be contactless methods
like PL [32] or EBIC [33] imaging, contact methods like EL
[23] or DLIT [34] imaging, or a combination thereof. Most of
these techniques have been studied extensively, and are being
actively adapted for inline metrology purposes [35]. Once the
images have been used to identify shunt location, an image
processing routine can automatically extract their coordinates
[36], which can then be used to position the scribe heads in
the right location.
Once the shunt locations are known, we can either choose
to partially isolate, or fully isolate the shunted sub-cell. The
partial isolation is created using 2 isolating scribe lines in
parallel to the direction of current flow, either side of the
shunted sub-cell (schematic in Fig. 5(b)). These lines ensure
that the shunted sub-cell is disconnected from its neighboring
sub-cells in parallel, while maintaining the current continuity
through the series connected cells. Note that the sub-cells in
series with the shunted ones, which are inside the isolating
scribes, will now operate away from their MPP voltage, due
to the condition of current continuity. This partial isolation,
however, does not require very precise determination of shunt
location, or positioning of the scribing heads, and will be easier
to implement in practice.
The second option isolates the shunt fully by enclosing the
shunt using isolating scribes (see schematic in Fig. 5(c)). This
ensures full isolation, at the cost of greater area penalty, as
all the area enclosed by the scribe lines is disconnected from
the module and cannot produce output power. This requires a
more precise identification of shunt locations, as well as more
accurate positioning of scribe heads, in order to ensure that
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Fig. 6. (a) Color plot of sub-module Vsub (color bar in V ), in presence of
full length isolating vertical scribe lines (dotted), showing that the operating
voltages of the neighboring sub-cells in parallel improve with scribing. The
non-shunted sub-cells inside the scribes are slightly forward biased to ensure
series connected conduction. (b) Distribution of Psub values (color bar in
mW ), showing that majority of sub-cells now operate at MPP, and the power
output in shunted sub-cells is also improved.
the shunt is in fact enclosed by the scribes. The shunts in
this case, however, are fully isolated, and do not affect any
sub-cells in series or parallel after scribing.
From the previous discussion, it appears that this scribing
isolation approach simply exchanges shunt losses with dead
area loss. In section III.A, however, we saw that the largest
shunts have a disproportionate impact on module efficiency.
And, due to the log-normal nature of shunt statistics, only a
small fraction of sub-cells are heavily shunted [13]. Therefore,
we only need to isolate a small fraction of the total shunts
(largest 3%), in order to achieve significant performance
recovery. This is the reason why the scribing isolation can
recover significant shunt losses, at a relatively small increase
in dead area loss due to few extra scribe lines.
V. COMPARISON OF SCRIBING ISOLATION SCHEMES
A. Sub-module Operation with Shunt Isolation
In this section we revisit our illustrative example of an 11×
11cm2 sub-module with 3 shunts. We will apply the various
scribing schemes on this sub-module, and analyze the resulting
voltage and power distributions carefully to gain insight into
how these schemes improve module performance.
1) Periodic Lengthwise Scribing: We first analyze the case
of full length periodic scribe lines at the sub-module level, as
shown in Fig. 5(a). The Vsub and Psub distributions obtained
from the simulations are shown in Fig. 6(a) and Fig. 6(b),
respectively. Note that in this scenario, the effective range
of all shunted sub-cells is restricted to only one neighboring
sub-cell in parallel. Consequently, the operating voltages and
power outputs of the ‘good’ sub-cells improves in general.
Note, however, that due to series connection, the voltage of
each column of sub-cells (between two isolating scribes) must
be equal. Therefore, the operating points of the sub-cells in
series to the shunted sub-cells now must move to slightly
higher Vsub values (see columns containing shunted sub-cells
marked (2) and (3)). In spite of this limitation, note that the
blocking of parallel conduction paths, results in all sub-cells
producing power (i.e. Psub > 0 for all sub-cells in Fig. 5(b)).
Therefore, we can see that this approach will lead to improved
sub-module output.
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Fig. 7. (a) Color plot of sub-module Vsub (color bar in V ), in presence of
isolating vertical scribe lines of different length (dotted), showing that the
operating voltages of the neighboring sub-cells in parallel are back to MPP
values. The non-shunted sub-cells inside the scribes are slightly forward biased
to ensure series connected conduction. (b) Distribution of Psub values (color
bar in mW ), showing that majority of sub-cells now operate at MPP, and the
power output in shunted sub-cells is also improved. Both these plots show
that longer scribes allow better isolation, and better sub-cell characteristics.
2) Selective Scribing - Partial Isolation: If the shunt po-
sitions are known beforehand, we can use parallel isolating
scribes on either side, of varying lengths (Lscribe). This
ensures that the non-shunted sub-cells are not unnecessarily
scribed. Fig. 7(a) shows the color plot Vsub values from
the sub-module simulation, in presence of the scribes shown
in Fig. 5(b). Note that the operating points of sub-cells in
parallel to shunted sub-cells improve close to MPP values.
The Vsub values of the sub-cells in series to the shunted sub-
cells however, now increase slightly to ensure total sub-module
voltage being same. The sub-cell power outputs shown in
Fig. 7(b) also show the reduced impact of shunted regions on
neighboring sub-cells in parallel, at the cost of slight reduction
in Psub values for the sub-cells in series with the shunted
sub-cells. Finally, note that the length of scribe lines used for
isolation affects the degree of isolation, and accordingly, the
efficiency improvement obtained, at the cost of higher dead
area loss.
3) Selective Scribing - Full Isolation: Finally, we analyze
the case with full shunt isolation, achieved by enclosing them
completely using isolating scribe (as shown in Fig. 5(c)).
This approach leads to slightly higher dead area loss, since
the region inside the scribe lines will not contribute to the
output. The sub-module simulation results with full isolation
are shown in Fig. 8. Note that the isolation around the shunts
reduces the voltage discrepancy across the different sub-cells
considerably (Fig. 8(a)). The isolated region is shown by dark
squares, as it is completely cut-off from the module output.
Correspondingly, all the non-shunted sub-cells now operate
near their MPP (Fig. 7(b)). Depending on the total area inside
the scribed region (Ascribe), some portion of the shunted sub-
cells will still be generating power (see Fig. 7(b)), and the
fraction of area lost to scribing per cell (Ascribe/Asub) will
determine the eventual benefit of this scheme.
B. Scribing Isolation for Module Efficiency Improvement
From the previous discussion, we can see that various scrib-
ing techniques improve the module performance, by isolating
the shunts to varying degrees, but the trade-off in terms of
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Fig. 8. (a) Color plot of sub-module Vsub (color bar in V ), with full isolation
of the three shunts (black squares), showing that the operating voltages of
almost all sub-cells are restored to MPP values. (b) Distribution of Psub values
(color bar in mW ), showing that all non-shunted sub-cells now operate at
MPP, and the power output in shunted sub-cells is also improved considerably.
These plots show that the area mismatch caused by full isolation has a limited
impact on sub-module performance as a whole.
dead area loss is also different. We now analyze these tradeoffs
more quantitatively, for typical size commercial modules with
parasitic shunt distribution. We consider the highest efficiency
a-Si:H module (η = 7.22%) from the CDF in Fig. 3, which
has a certain distribution of shunts on the surface responsible
for an efficiency loss of ∼ 2% (absolute). We will apply the
various scribing schemes to this particular module to evaluate
the improvement in efficiency obtained. This will allow us
to evaluate the effectiveness of these schemes, under realistic
circumstances. In addition to the typical module and sub-cell
parameters used in section III.B, we use a realistic value for
isolating scribe lines to be 150µm [30]. Note that the dead
area loss in the scribed sub-cells is accounted for in the SPICE
simulation by modifying the active area of each cell, based on
the presence of isolating scribes. This also ensures that any
effects due to mismatches in sub-cell IV are accounted for
when evaluating the effect of scribing schemes.
For the lengthwise scribing, it is apparent from Fig. 6 that
an increase in the number of vertical scribes will improve the
module efficiency by containing the effect of shunted sub-
cells. This, however, requires very long scribe lines, so the
dead area penalty also increases, and the incremental gains in
module efficiency with increasing number of scribes (Nscribe)
is positive but modest. As shown by the triangles in in Fig. 9,
the module efficiency improves to ∼ 7.6% for 30 full length
vertical scribes. This efficiency improvement, however, rises
slowly with increasing Nscribe to larger values.
In case of targeted shunt isolation after determination of
shunt locations, we need to choose the number of shunted
sub-cells to isolate. This is also determined by the accuracy
of the detection scheme. As expected as we isolate more and
more shunted sub cells, out of the total Nsub (i.e. increasing
Niso/Nsub in Fig. 9), the module efficiency improves signif-
icantly (see circles for partial isolation, and squares for full
isolation in Fig. 9). As expected, the improvements are limited
by increased dead area loss with additional scribing, and the
curves saturate for larger Niso/Nsub values. Interestingly, note
that using the prior detection of shunts, it is possible to get
ηmodule ≥ 7.6% by partially or fully isolating just the largest
1% shunt defects. This is a consequence of the heavy tailed
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Fig. 9. Plot comparing the efficiency of a typical 7.22% a-Si:H module
with parasitic shunts (horizontal line), after the module is treated using
different scribing isolation techniques. For the lengthwise isolating scribes
(triangles), without detection, the efficiency improves with more vertical scribe
lines (Lscribe), but the efficiency gains remain modest due to large dead
area penalty. The efficiency enhancements are significantly better if selective
scribing is used to isolated more and more shunted sub-cells (increasing
Niso/Nsub) for both partial (circles) and full (squares) isolation case. In
case of partial isolation, the efficiency improves for larger Lscribe, due to
better isolation, but ultimately limited by dead area losses (squares). For full
isolation, the dead area losses are determined by the ratio Ascribe/Asub,
which limits the efficiency enhancements obtained due to reduced shunt
effects.
log-normal shunt distribution, which means that few largest
shunts dominate the overall efficiency loss at the module level
(see [13] for details). Therefore, we can obtain significant
improvements by focusing on these most critical parasitic
defects.
In case of partial isolation technique another optimization
parameter is the length of isolating scribe Lscribe, used for
each shunted sub-cell. As expected from Fig. 7, longer scribe
lines provide better isolation, and the efficiency improves for
the same Niso/Nsub value by increasing Lscribe from 1 to 9
cm in steps of 2 cm (see circles in Fig. 9). Understandably,
the dead area loss limits these gains, and therefore, the module
efficiency for Lscribe = 7cm vs. Lscribe = 9cm are virtually
identical.
In case of full isolation of shunts, the efficiency gains will
be limited by the ratio between scribed sub-cell area, and
total sub-cell area Ascribe/Asub. In a practical scenario, this
ratio will depend on the accuracy of the shunt detection, and
scribing head positioning. We, therefore, vary the dead area
loss (Ascribe/Asub) from 20% to 80% (see squares in Fig. 9),
and show that regardless of the dead area loss associated with
full scribing, the full shunt isolation provides highest module
efficiency out of the 3 suggested techniques. This is because,
by fully isolating the shunts this approach removes the effect
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Fig. 10. CDF plots of module efficiency distribution for typical case (blue),
lengthwise periodic scribing (magenta), partial shunt isolation after detection
(green), and full shunt isolation after detection (red). The improvement in
mean efficiency (η¯N ) , and reduction in standard deviation sN are apparent
from the values shown in inset. The full isolation of shunts can yield efficiency
values close to the maximum possible module efficiency (black).
of shunted sub-cells on all its neighbors (series or parallel).
Furthermore, the random distribution of shunts on a module
surface ensures that the mismatches introduced by scribing
area loss are not significant.
C. Scribing Isolation and Module Yield
Based on the discussion so far, we observe that all three
scribing techniques enable improvement in module efficiency.
We now show that these results hold true in a statistical sense,
and compare the change in module efficiency distribution for
different scribing methods. In order to compare the techniques
statistically, we repeat the Monte-Carlo simulation of module
efficiency in section III.B, applying the different scribing tech-
niques for each module. For the lengthwise periodic scribing,
we choose full length scribes every 5 cm; and, for the selective
scribing schemes we chooseNiso/Nsub = 3%. For the partial
isolation method, Lscribe = 5cm, and Ascribe/Asub = 0.4
for the full isolation case. These numbers are chosen because,
from the analysis in the previous section, we note that the
incremental gain in module efficiency with scribing more
shunts or using longer scribe is minimal. Moreover, these
values are reasonable from a practical standpoint of imple-
menting this strategy in a production environment. In practice,
these quantities need to be optimized, depending upon the
technology of choice, the shunting and scribing parameters
of the process, and the required efficiency improvement.
Fig. 10 compares the CDFs of module efficiency without
any scribing vs. each scribing method. Note that as expected
from previous sections, the mean module efficiency η¯ improves
by∼ 0.3% (absolute) for lengthwise periodic scribing,∼ 0.7%
(absolute) for partial scribing and ∼ 1.1% (absolute) for full
scribing isolation method. Interestingly, note that simply by
isolating only 3% of the shunts, and incurring significant
area penalty for each isolating box, we can bring the module
efficiency very close to “ideal” module efficiency of 8.9%,
which is obtained for the case with no shunt defects. Equally
important, the scribing isolation of shunts also leads to reduced
standard deviation of the module efficiency distribution, see
Fig. 9. This means that in addition to the overall module
efficiency improvement, the scribing techniques also reduce
the performance variability associated with random shunt
formation. This in turn will improve the overall yield of the
manufacturing process, which is an important factor in PV
manufacturing cost.
VI. CONCLUSION
In this paper we demonstrate an in-line method for mod-
ule efficiency improvement in monolithic TFPV modules,
by isolation of parasitic shunt defects using laser scribing.
The approach utilizes state of the art techniques of shunt
identification, and laser scribing, to isolate a small fraction of
the largest shunts in the module. We describe two techniques,
which involve either partial isolation, or full isolation of the
shunt defects. We used 2D, self-consistent, SPICE circuit
simulations of the modules in presence of shunts, to compare
these techniques quantitatively and illustrate the involved
optimizations. We demonstrate using typical parameters that
these scribing techniques can recover more than half of the
module efficiency loss caused by parasitic shunts.
Finally, we would like to emphasize that these techniques
are equally applicable to all monolithic TFPV technologies,
and owing to the similarities in shunt statistics [13], are ex-
pected to yield similar performance gains at the module level.
Indeed, while this analysis is presented for effect of shunt
leakage, the isolation scheme will be equally beneficial for any
other type of parasitic localized leakage/non-uniformity, e.g.,
weak diodes [12], which can affect their neighboring regions
adversely. The implementation of these techniques in realistic
production line, however, will have to be analyzed on a case
by case basis; including the degree of shunt or other leakage
losses, and economics of implementing an extra process step.
In this regard, the scribing techniques is advantageous, as
they only require the state-of-the-art manufacturing tools for
implementation, and only add one extra, post-process step to
the flow.
We believe that the potential advantages of these schemes
for module efficiency and process yield enhancement, coupled
with relatively straightforward implementation, and applica-
bility to different thin film technologies [37], will motivate
the PV community to explore these approaches in production
environments.
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